following conclusions:
(i) Early in the life cycle, when the cells accumulate duplex rings, two types of DNA replication intermediates are observed: a rolling circle with a single-stranded tail; and a novel form, a single-stranded circle that is partially duplex. Thus, duplex ring synthesis appears to occur in two asymmetric steps, with positive strand DNA first being processed from the tail of the rolling circle and circularized, before it acts as a template for negative strand synthesis.
(ii) Late OX is a minute virus with only minimal autonomy. It relies almost entirely on host cell gene products for the replication of its DNA. These host cell enzymes are the same ones that are involved in the replication of the bacterial chromosome. For Infection. Fig. 1 shows the development of intracellular virus particles during the OX infection. The extent and kinetics of phage production indicate that the presence of heavy isotopes during the preliminary growth of the host cells has no adverse effect on the subsequent viral life cycle; the final burst size is >1000 phage per infected cell. At the times indicated by the arrows in Fig. 1 , aliquots of the infected culture were pulse-labeled with [3H]thymidine, the cells were harvested and lysed, and the total cell lysates were centrifuged to equilibrium in CsCl.
Typical gradients obtained from the lysates are shown in Fig.  2 . Two broad peaks of radioactivity are seen. The denser peak, which is an area of high viscosity, contains the vast bulk of the host DNA; the lighter peak contains the viral DNA forms, which we have examined in detail.
Quantitation of OX DNA forms. The above protocol concentrates and purifies the viral DNA, making it possible to use the electron microscope to determine both the relative and absolute numbers of OX forms as the virus life cycle develops. This may be accomplished by adding a known amount of an internal standard molecule to the sample and then spreading the material for electron microscopy. The internal standard chosen was a circular supercoiled plasmid DNA that could be readily distinguished from OX DNA forms in the electron microscope because of its size (11.4 X 10 daltons).
In a typical analysis, 1/2500 of a CsCl-purified OX DNA sample (2 Ml) was supplemented with 8 X 108 plasmid molecules and spread for the electron microscope, as described in the legend to Fig. 3 . A random sampling of 1000 plasmid DNA molecules was then counted along with the number of each X DNA form. Then, for instance, when the number of OX rolling circles was 180 in the material harvested at 50 min, it could be concluded that the sample aliquot contained 18% as many rolling circles as plasmid molecules, or 1.4 X 108 rolling circles. Because the sample spread for electron microscopy represented 1/2500 of the material from the CsCI gradient and had been derived from 1010 infected cells, it could be calculated that the number of rolling circle intermediates was (1.4 X 108) ( (11, 12 (i) Rolling circles were seen throughout the DNA replication cycle, both early during the period of duplex ring synthesis and later when single-stranded circles are the product of replication.
(ii) During both duplex ring synthesis and single-stranded circle synthesis, the rolling circles had tails that were single stranded. Only occasionally (5/1000) was a rolling circle observed in which the tail had been converted to the duplex state (Fig. 5) .
(iii) The lengths of the tails of the rolling circles varied randomly from a few hundred nucleotides (the shortest length measurable in the electron microscope) to about unit length, 5400 nucleotides (Fig. 6 ). This result indicates that the maturation of DNA (iv) Usually the rolling circles consisted of a single-stranded tail emerging from a monomer-size duplex ring. However, in about 5% of the rolling circles, the tail was being synthesized by copying around a dimeric template ring (as in Fig. 3G ). Even in these cases, however, the emerging tails had the same length distribution as those being synthesized from monomer rings (Fig. 6 ). This result offers further evidence in support of the rapid maturation of progeny DNA from the tail of the rolling circle intermediate. Additionally, this result provides a mechanism whereby, through replication, recombinant progeny genomes can be matured from a genetically heterozygous dimer (11, 12) that has been formed previously by recombination between two monomer rings.
(v) The single-stranded tails of the rolling circle intermediates were composed of positive strand material. This result is in accord with previous pulse-labeling studies (4, (13) (14) (15) (16) (17) Fig. 2 ) and spread for electron microscopy without further processing. This protocol was designed to omit further processing steps such as dialysis and ethanol precipitation which involve loss of DNA. Control spreadings of samples containing known amounts of single-stranded and double-stranded OX circles showed that both forms were equally well retained on the grids. Thus we think we have minimized, although one can never eliminate, the possibility of selective loss of various DNA forms. Typically, the hyperphase consisted of 2- Duplex rings with two single-stranded tails attached to the circle at the same point were considered to be rolling circles in the process of branch migration. The dimer category includes open and closed dimeric circles, and also dimer rolling circles, interlocked monomers, and figure-8 molecules. The category "other" includes such structures as rolling circles with double-stranded tails, but not Cairns forms (none of which were seen in this study). In all cases, the number of unscorable, tangled molecules was less than 2%. The data for AX forms produced in chloramphenicol-treated cells represent the total for three time points: 26, 41, and 55 min. This experiment has been done three times at 300 and once at 370, with equivalent results.
Biochemistry: Koths Table   1 . The 8-min points are from an identical experiment, which gave the same results.
gle-stranded circles in which a complementary strand has begun to be laid down. We have in fact observed such partially duplex rings (Fig. 3E ). In the 100 such molecules we have observed, the percentage of the circle that is duplex ranged from 10 to 90%.
Early during the OX life cycle, rolling circle intermediates with single-stranded tails and partially duplex circles are both observed (Table 1) . Operating together, these two structures appear to form the complementary pair of replicating intermediates necessary for duplex ring synthesis.
Because the number of partially duplex rings observed at early times in the XX infection is low (one to three per cell), one must be concerned that they might just represent the conversion of late-infecting OX single-stranded rings to the duplex state-that is, the formation of the first OX double-stranded circle. If Fig. 8 . It is based on DNA forms observed through electron microscopy and in vio pulse-labeling studies.
Our results are in full accord with the powerful in vitro studies of Kornberg and Hurwitz and their colleagues (20) (21) (22) . Using purified cell proteins and one virus-coded enzyme, they have been able to transform duplex rings into rolling circles in vitro.
Both the in vivo and in vitro data at the present time provide strong support for the proposals of the rolling circle model (13, 4, 15 , see also ref. 23 ) that (i) both the early synthesis of duplex rings and the later synthesis of single-stranded circles can be understood in terms of one replication strategy, and (ii) OX positive strands and negative strands are synthesized in two asymmetric events-the positive strand being elongated continuously after creation of a 3'-OH primer group by nicking of a covalently closed OX duplex ring, and the negative strand being elongated discontinuously (that is, by de novo initiation of a DNA fragment on a segment of a single-stranded template DNA).
The relatively large number of rolling circle intermediates recovered per cell in our experiments (about 35) is encouraging from the point of view of studying these actively replicating DNA molecules biochemically. Indeed, there is at this time no other experimental system in which a uniform replicating intermediate can be isolated in such quantity.
